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Abstract
In vivo, human immunodeficiency virus type 2 (HIV-2) infection reveals several unique characteristics when compared to HIV-1
infection, the most remarkable of which is the extraordinarily long asymptomatic period. Here we describe two HIV-2 primary isolates,
obtained from asymptomatic individuals, which do not infect any coreceptor-expressing cell lines tested. In those cells, we show that the
absence of replication is directly related to cell entry events. Furthermore, productive infection observed in peripheral blood mononuclear
cells (PBMC) was not inhibited by natural ligands and monoclonal antibodies directed to CCR5 and CXCR4. Finally, viral entry efficiency
and viral progeny production of these viruses are markedly impaired in PBMC, indicating a reduced replicative fitness of both viruses. In
conclusion, our data suggest that in some HIV-2 asymptomatic individuals, the circulating viruses are unable to use the major coreceptors
to infect PBMC. This fact should have important implications in HIV-2 pathogenesis and transmission.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
Initial events in human immunodeficiency virus (HIV)
replication cycle include interactions between viral enve-
lope glycoproteins and cellular receptors that ultimately
lead to viral envelope and cell-membrane fusion. The entry
of HIV and simian immunodeficiency virus (SIV) into host
cells requires cell-surface CD4 as a primary receptor
(Dalgleish et al., 1984; Klatzmann et al., 1984). However,
human CD4 molecules themselves do not render cells sus-
ceptible to HIV type 1 (HIV-1) infection (Ashorn et al.,
1990; Chesebro et al., 1990; Clapham et al., 1991; Maddon
et al., 1986), suggesting that additional cell-surface compo-
nents are required for fusion and infection. These additional
components—coreceptors—were identified as members of
a family of seven-transmembrane, G-protein-coupled, re-
ceptors (GPCRs) (Alkhatib et al., 1996; Deng et al., 1996;
Feng et al., 1996). At the present, 19 of these GPCRs have
been shown to act in vitro as coreceptors for HIV-1, HIV
type 2 (HIV-2), and SIV: CCR1, CCR2b, CCR3, CCR4,
CCR5, CCR8, CCR9, CXCR2, CXCR4, CXCR5, CX3CR1,
GPR1, GPR15, STRL33, APJ, ChemR23, RDC1, BLTR,
and US28 (Broder and Jones-Trower, 1999; Simmons et al.,
2000).
The identification of chemokine receptors as HIV core-
ceptors had broadened the understanding on molecular
mechanisms underlying HIV-1 entry into target cells. Ac-
cording to the accepted model, HIV-1 entry begins with a
specific interaction between the virion heterodimeric Env
complex, formed by surface (SU) and transmembrane (TM)
glycoproteins, and two cellular proteins: CD4 and the co-
receptor. Binding of viral SU glycoprotein to CD4 appears
to cause structural changes in this glycoprotein that allow
exposure or formation of coreceptor-binding regions. Fur-
ther conformational changes induce the disclosure of fusion
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peptide in TM glycoprotein that ultimately leads to viral
envelope fusion with cellular membrane and the release of
viral nucleocapsid in cell cytoplasm (reviewed in Clapham
and McKnight, 2002; Reeves and Doms, 2002).
Despite the relative promiscuous chemokine receptor
usage in vitro by certain HIV-1 and particularly HIV-2
strains (Broder and Jones-Trower, 1999; Bron et al., 1997;
Guillon et al., 1998; McKnight et al., 1998; Morner et al.,
1999; Owen et al., 1998), CCR5 and CXCR4 are the major
coreceptors for HIV-1 and seem to be the only relevant in
HIV-1 pathogenesis (Simmons et al., 2000; Zhang et al.,
1998). Finding that humans homozygous for an inactive
mutant CCR5 allele (32ccr5) had greatly diminished risk
of infection with HIV-1 (Dean et al., 1996; Liu et al., 1996;
Mummidi et al., 1998; Samson et al., 1996) proved the
important role of CCR5 in HIV infection in vivo. Those rare
infection cases in 32ccr5 individuals (Balotta et al., 1997;
Biti et al., 1997; Michael et al., 1997, 1998; O’Brien et al.,
1997) appear to be associated with transmission of CXCR4-
dependent virus strains (Michael et al., 1998). These studies
also imply that CCR5 is the major coreceptor that mediates
person-to-person transmission of HIV-1. This notion is con-
sistent with the fact that CCR5-dependent (R5) strains are
predominant during early stages of HIV infection and only
in approximately 40% of late stage infected humans, viruses
arise that can use CXCR4 in addition to (R5X4 strains), or
sometimes instead of CCR5 (X4 strains) (Berger et al.,
1998, 1999; Simmons et al., 1996). The appearance of such
strains is associated with accelerated CD4 T cells loss and
disease progression (Bjorndal et al., 1997; Connor and Ho,
1994; Connor et al., 1997; Richman and Bozzette, 1994).
The great bulk of information regarding coreceptors us-
age and viral pathogenesis stems almost exclusively from
studies conducted with HIV-1 strains. However, several
data suggest that in general HIV-2 is less pathogenic than
HIV-1. In fact, despite the fact that both viruses are biolog-
ically and structurally similar, they differ in several impor-
tant aspects, as follows: transmission rates of HIV-2 are
much lower than those for HIV-1 (Adjorlolo-Johnson et al.,
1994; Andreasson et al., 1993; Kanki et al., 1994); epide-
miologic profile of HIV-2 and HIV-1 epidemics reflects
these differences in transmission rates: while HIV-1 has
spread virtually worldwide, HIV-2 is prevalent mainly in
West Africa (De Cock et al., 1993); although human infec-
tion with HIV-2 eventually leads to development of immu-
nological failure and AIDS, rates of disease progression and
mortality following HIV-2 infection are remarkably lower
than for HIV-1 (Jaffar et al., 1997; Marlink et al., 1994;
Poulsen et al., 1997; Whittle et al., 1994), suggesting that
HIV-2 has a significantly reduced pathogenicity in vivo
compared to HIV-1.
Major differences between HIV-1 and HIV-2 also in-
clude a different use of chemokine receptors as cofactors for
viral entry. As for HIV-1, all HIV-2 strains reported to date
use CCR5 and/or CXCR4 as major coreceptors to enter into
CD4 cells. However, many primary HIV-2 strains use a
broader range of coreceptors than HIV-1 and they can
exploit these coreceptors as efficiently as CCR5 or CXCR4
(Bron et al., 1997; Guillon et al., 1998; McKnight et al.,
1998). Some of these coreceptors are not, or very rarely,
used by HIV-1 (Broder and Jones-Trower, 1999). Addition-
ally, the ability of primary isolates to enter cells in a CD4-
independent way has been exclusively observed in HIV-2
(Reeves et al., 1999). Both features are related to oligomeric
structure of envelope glycoproteins (Reeves and Schulz,
1997), suggesting that this structure should be more flexible
in HIV-2 than in HIV-1.
With this work we intended to gain new insights on
HIV-2–coreceptor interactions using several primary HIV-2
isolates obtained from patients at different disease stages.
We found that coreceptor usage by two HIV-2 primary
isolates, obtained from asymptomatic patients, was unique
among divergent HIV-2 strains in that they are unable to
productively infect any cell line coexpressing CD4 and
chemokine receptors. Furthermore, we found that these
strains were resistant to CCR5 and CXCR4 targeted inhib-
itors, suggesting that they could enter cells independently of
CCR5 and CXCR4. From our results we hypothesize that a
natural HIV-2 infection in humans can occur by viral strains
that do not use CCR5 or CXCR4 as coreceptors to enter into
target cells.
Results
HIV-2MIC97 and HIV-2MJC97 do not infect GHOST or U87
cell lines
Coreceptor usage was analyzed by the ability to produc-
tively infect coreceptor-expressing cells and not only by
binding or fusion assays. This procedure has the advantage
of excluding possible ineffective interactions with corecep-
tors. These ineffective interactions could be sufficient for
viral binding and entry but insufficient to permit the com-
pletion of viral cycle due namely to the absence of activa-
tion signals mediated by “inappropriate” interaction with
chemokine receptors (Arthos et al., 2000; Baik et al., 1999;
Doranz et al., 1999; Liu et al., 2000). All HIV-2 isolates
were initially tested in GHOST cells expressing CD4 and
several chemokine receptors. From this group of isolates we
identified two, obtained from asymptomatic individuals
(HIV-2MIC97 and HIV-2MJC97), that were unable to produc-
tively infect any GHOST cell line, even those expressing
CCR5 or CXCR4 (Table 1). HIV-1 and HIV-2 strains with
known coreceptor usage were included to demonstrate the
appropriate coreceptor function of each GHOST cell line.
Replication of HIV-2MJC97 and HIV-2MIC97 was also ana-
lyzed in peripheral blood mononuclear cells (PBMC), CD8-
depleted PBMC, and MDM. Productive infection was ob-
served in all cases by RT activity in culture supernatants
(Table 1). So apparently, HIV-2MIC97 and HIV-2MJC97
could replicate normally in peripheral blood CD4 cells but
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are unable to productively infect any GHOST cell lines.
Since GHOST cells carry an LTR-GFP reporter gene, which
is switched when infected, we analyzed GFP expression in
GHOST-infected cells by fluorescent microscopy to confirm
our results regarding productive infection. This analysis was
performed in triplicate at days 1, 2, 3, and 7 after infection
and results, shown in Table 1, confirmed that all GHOST
cell lines tested were resistant to HIV-2MIC97 and HIV-
2MJC97 infection. We further address this issue using human
glioma cell-line U87. Therefore we exposed U87 CD4
cells expressing several chemokine receptors to this group
of HIV-2 primary isolates. Viral replication was negative
for HIV-2MIC97 and HIV-2MJC97 in all cell lines as assessed
by RT activity in culture supernatants (Table 1) and viral
protein production by IFA (data not shown).
In addition, and despite the fact we are analyzing a
limited number of samples, we attempted to establish a
correlation between clinical stage and coreceptor usage.
From this analysis (Table 1) it is worth noting that the
acquisition of CXCR4 usage by HIV-2 is associated, as in
HIV-1, with more advanced stages of infection (Bjorndal et
al., 1997; Scarlatti et al., 1997). Reciprocally, the exclusive
use of CCR5 by HIV-2 strains is predominantly observed in
asymptomatic or early symptomatic stages (HIV-2MS, HIV-
2MMS, and HIV-2ALI), suggesting that during symptomatic
stages, viral variants with a broader coreceptor usage phe-
notype (including CCR5, CXCR4, and others) emerge,
which in some cases could ultimately evolve to a viral
population exclusively using CXCR4.
HIV-2MIC97 and HIV-2MJC97 do not enter into coreceptor
expressing cells
We wanted to verify if viral entry step was determinant
in abortive infections observed in GHOST cell lines, thus
excluding a possible contribution of postentry events. For
that purpose we measured viral core protein amounts in
cytosolic fractions of coreceptor-expressing GHOST-CD4
cells exposed to several HIV-2 and HIV-1 isolates. The
detection of p24 viral core protein in cytosolic fractions of
cells exposed to HIV-1 is correlated with true productive
infection (Marechal et al., 1998) and allows concluding
about efficient viral entry into cells. This correlation was
also observed in HIV-2 (Fig. 1) as demonstrated when
primary strains (HIV-2ALI and HIV-2TER) with known co-
receptor usage (Reeves et al., 1999; this report) were used,
which also stands for the functional expression of corecep-
tors in GHOST cell lines. Furthermore and more important,
our results demonstrate that cytosolic fractions of GHOST
cells exposed to 400 ng of p27Ag of both HIV-2MIC97 and
HIV-2MJC97 show levels of viral core protein virtually equal
to mock-infected cultures. This implies that both viruses are
Table 1
Tropism of several HIV-2 primary isolates for primary cells, GHOST, and U87 cell linesa
Viruses
























PBMC           
CD8-dep           
MDM   ND ND  ND ND ND ND ND ND
GHOST CD4 expressingc
CCR1 / /   /    / / 
CCR2b / /   /    / / 
CCR3 / /   /    / / 
CCR5 / /   /    / / 
CXCR4 / /   /    / / 
GPR15 / /   /    / / 
STRL33 / /   /    / / 
GHOST CD4           
U87 CD4 expressing
CCR1           
CCR2b           
CCR3           
CCR5           
CXCR4           
U87 CD4           
Note. Abbreviations: Asympt, asymptomatic; Sympt, symptomatic; CD8-dep, CD8-depleted PBMC; ND, not done.
a Viral replication was assessed by RT activity in culture supernatants.
b CDC classification of clinical stage is referred in parentheses.
c In addition to viral replication detected by RT activity, in GHOST cell lines viral replication of some viruses (MIC97, MJC97, ALI, TER and SAB) was
also monitored by GFP expression of LTR-GFP reporter gene by fluorescent microscopy. In those cases both results are shown (RT activity/GFP expression).
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unable to enter into GHOST cell lines even though they
enter into CD4 PBMCs. Similar results were obtained
when 800 ng of p27Ag of each virus was used in GHOST
cell lines (data not shown).
Of note, although HIV-2MIC97 and HIV-2MJC97 are both
able to enter into CD4 PBMCs, they reveal a marked
lower level of viral antigen in cytosolic fraction when com-
pared with R5 (HIV-2ALI and HIV-1JRCSF) or R5X4 strains
(HIV-2TER) included (Fig. 1). For HIV-2MIC97 the differ-
ences in viral entry efficiency compared to the others strains
ranged from 49.2 to 63.7% and for HIV-2MIC97 those dif-
ferences ranged from 38 to 55.8%. Taking this significant
impairment in the efficiency of viral entry observed in both
HIV-2MIC97 and HIV-2MJC97, we wanted to verify if this
lower infectivity could be mirrored by the kinetics of rep-
lication of these viruses. As expected, both viruses showed
a lower and slower replication in PHA-activated PBMC
(Fig. 2). Notably, viral replication of HIV-2MIC97 and HIV-
2MJC97 was only observed when the amount of input viruses
was equal or higher than 10 ng of RT activity; below that,
viral progeny production was undetectable (data not
shown), strongly indicating a severe lack of replicative
fitness in vitro, apparently due to a deficient interaction with
cellular receptors as suggested by viral entry data.
HIV-2MIC97 and HIV-2MJC97 are resistant to CCR5 and
CXCR4 targeted inhibitors
Since HIV-2MIC97 and HIV-2MJC97 infected productively
PHA-stimulated PBMC, we used this cell system to inves-
tigate if CCR5 and CXCR4 were utilized by these strains to
enter in PBMC. We wanted to test the ability of CCR5- and
CXCR4-targeted molecules to inhibit productive infection
of these two viruses. Accordingly, we infected CD8-de-
pleted PBMC in the presence of several concentrations of
RANTES and SDF-1, natural ligands of CCR5 and
CXCR4, respectively, and MAbs 2D7 and 12G5, specific
for CCR5 and CXCR4, respectively (Bleul et al., 1996;
Cocchi et al., 1995; McKnight et al., 1997; Oberlin et al.,
1996; Wu et al., 1997). The presence of these inhibitors did
not affect the replication of HIV-2MIC97, even at highest
concentrations (Fig. 3). Viral replication in inhibitor-treated
PBMC was equal, and in some cases higher, than that
Fig. 1. Detection of p27 protein in cytosolic fraction obtained from cells (4 106) exposed to different HIV-2 isolates (400 ng of p27 for each virus). The background
obtained in each cell line was subtracted from the final result. The data are expressed as means of at least three independent experiments  standard deviations.
Fig. 2. Growth of HIV-2MIC97 and HIV-2MJC97 in PBMC. PHA-activated
PBMC were exposed to 10 ng of RT activity of each virus and viral
progeny production was followed during a 21-day period.
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observed in nontreated PBMC. We also noticed that HIV-
2MJC97 was partially inhibited by extremely high concentra-
tion (50 g/ml) of MAb 2D7 (Fig. 3), although the speci-
ficity of 2D7 to CCR5 at such concentrations may be
affected. Viral strains used as controls were inhibited either
by RANTES and 2D7 (HIV-2ALI and HIV-1JRCSF) or by
SDF-1 and 12G5 (HIV-2SAB), in agreement with de-
scribed coreceptor usage (Broder and Jones-Trower, 1999;
Reeves et al., 1999; this report). However the presence of
saturating concentrations (10 g/106 cells) of monoclonal
antibody SIM.4, directed to CD4, inhibit more than 90% of
HIV-2MIC97 and HIV-2MJC97 replication (data not shown),
indicating that viral entry is mediated by CD4. In conclu-
sion, inhibition experiments with receptor ligands confirmed
that PBMC infection by HIV-2MIC97 and HIV-2MJC97 was not
reliant on functional availability of either CCR5 or CXCR4 but
is strictly dependent on the presence of CD4.
Detection of 32ccr5 deletion and ccr5 promoter
polymorphism
The rationale for these experiments was to exclude the
existence of any mutation in ccr5 locus that could be di-
rectly responsible for the absence or diminished expression
of CCR5 receptor in MIC or MJC patients PBMC. These
mutations, if present, could account for an in vivo selection
of a non-CCR5 viral population due to a particular host
environment. With this aim we investigated the presence of
a 32-bp deletion in ccr5 gene (32ccr5) responsible for the
absence or greatly diminished expression of CCR5 corecep-
tor (Dean et al., 1996; Liu et al., 1996; Samson et al., 1996).
As expected for African patients (as was the case of MIC
and MJC), none of the individuals are homozygote or het-
erozygote for 32ccr5 (Fig. 4A), in agreement with the
restricted distribution of this mutation in Caucasians (Mar-
tinson et al., 1997).
Besides 32ccr5 deletion, other polymorphisms in the
ccr5 gene have been shown to influence CCR5 expression
and HIV susceptibility. Two of them are located in the
promoter region and have been described as G/A 59029 and
C/T59353 (McDermott et al., 1998). The latter is largely
confined to people of African descendent and it seems to
increase the likelihood of infants acquiring HIV infection
from their mothers (Kostrikis et al., 1999). The results,
shown in Figs. 4B and C, indicate that MIC is heterozygote
for both polymorphisms (CT59353 and GA59029), while
MJC is homozygote (TT59353 and GG59029). However,
both genetic polymorphisms could not account per se to a
diminished expression of CCR5 coreceptor and thus to a
selection of CCR5-independent population. According to
these results, we may conclude that the presence of CCR5-
independent variants in MIC and MJC patients could not be
attributable to a selective pressure due to host genetic char-
acteristics related to CCR5 coreceptor expression.
Fig. 3. Inhibition of replication of several primary HIV-2 isolates by monoclonal antibodies 2D7 (A) and 12G5 (C), and by natural ligands RANTES (B) and
SDF-1 (D) directed to CCR5 and CXCR4, respectively. Percentage of residual infection was calculated considering as 100% the RT value obtained in
control cultures without inhibitors. The data are expressed as means of at least three different experiments.
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Discussion
Although some HIV-2 primary isolates and a small num-
ber of T cell adapted HIV-1 strains seem able to infect cells
directly via CCR5 or CXCR4, without any requirement for
CD4 (Dumonceaux et al., 1998; Kolchinsky et al., 1999;
Reeves et al., 1999), the major pathway for HIV entry
requires the interaction with CD4 and CCR5 or CXCR4
(Clapham and McKnight, 2002; Reeves and Doms, 2002).
In this work we demonstrate that two HIV-2 primary strains
(HIV-2MIC97 and HIV-2MJC97), obtained from asymptom-
atic individuals, are unable to productively infect a panel of
GHOST and U87 cell lines coexpressing CD4 and chemo-
kine receptors CCR1, CCR2, CCR3, CCR5, CXCR4,
STRL33, and GPR15, even though these cells express re-
ceptors functional for other primary HIV-2 isolates. We also
demonstrate that the inability to perform a productive in-
fection is related to the inability to enter into these cells.
This excludes a possible postentry blockage due to delivery
of viral core into some inappropriate cellular compartment,
as referred to other HIV-2 strains (McKnight et al., 2001)
or, alternatively, due to inadequate interactions with cellular
receptors that may lead to ineffective signal transduction
and hence, to suboptimal activation of intracellular factors
indispensable to conclude replication cycle (Chackerian et
al., 1997; Weissman et al., 1997).
Furthermore, the presence of CCR5- and CXCR4-tar-
geted inhibitors did not affect replication of one of those
HIV-2 isolates (HIV-2MIC97) in CD8-depleted PBMC and
only partially inhibited HIV-2MJC97 replication at extremely
high concentrations of MAb 2D7 (50 g/ml). These results,
together with the inability to productively infect GHOST
and U87 cell lines, strongly suggest that HIV-2MIC97 and
HIV-2MJC97 are able to use a distinct coreceptor molecule to
enter into PHA-stimulated PBMC. This or these mole-
cule(s) should be present in activated PBMC but absent in
GHOST or U87 cell lines.
Alternatively, HIV-2MIC97 and HIV-2MJC97 may use
CCR5 or CXCR4 present in PBMC in a manner that is
insensitive to RANTES, SDF-1, 2D7, or 12G5. A situation
similar to that described for the emergence of escape mu-
tants to MAb 2D7 (Aarons et al., 2001), where viral strains
continue to use CCR5 but in a manner independent of
second extracellular loop (ECL-2) interaction, which con-
stitutes the target for MAb 2D7 (Wu et al., 1997). However,
this hypothesis, although consistent with the observation
that high concentrations of 2D7 inhibited HIV-2MJC97 rep-
lication, has two important flaws and incompatibilities with
our results. The first one is that HIV-2MJC97 and HIV-2MIC97
are completely naı¨ve to 2D7 as they were isolated and
propagated in the absence of any chemokine or MAb. Sec-
ond, this hypothesis is not sufficient to explain non-usage of
coreceptors present in GHOST or U87 cell lines, except if
we assume that these coreceptors could be expressed in
some isoforms that are inadequate to mediate viral entry by
HIV-2MIC97 and HIV-2MJC97. It has been suggested that
CXCR4 can exist in different isoforms on different cell
types (McKnight et al., 1997). Also CCR5 could exist in
different entry-competent states that are cell-type and virus-
type dependent (Olson et al., 1999). In any case we must
assume that this incapability was highly specific to these
two viruses, a highly improbable requirement.
Despite heterogeneity in HIV coreceptor usage, particu-
larly in some primary HIV-2 isolates (Bron et al., 1997;
McKnight et al., 1998), CCR5 and, although less frequently,
CXCR4 are the major chemokine receptors needed, in ad-
dition to CD4, for HIV fusion with the cell membrane. All
HIV-1 and HIV-2 strains reported so far use either CCR5 or
CXCR4 or both as coreceptors to enter into CD4-positive
cells (Broder and Jones-Trower, 1999). Nevertheless, some
studies had suggested, although quite concealed, the exis-
tence of some HIV-2 strains that used CCR5 or CXCR4 less
efficiently. In one of these studies (Zhang et al., 2000), an
HIV-2 strain was described in which replication in PBMC
was only inhibited by high concentrations of AMD3100, a
potent CXCR4 inhibitor (Donzella et al., 1998), and totally
insensitive to SDF-1, TAK-779, and AOP-RANTES. Yet
this strain replicates quite efficiently in GHOST cells ex-
pressing CXCR4. A more interesting strain was reported by
Sol and co-workers (Sol et al., 1997). This strain (HIV-2D)
is unable to use CCR5, CXCR4, or CCR3 coreceptors
expressed in U87MG-CD4 and HeLa-CD4 cell lines, sug-
gesting the use of alternative coreceptors. However, the
usage of other coreceptors was not investigated nor did the
authors examine the contribution of viral entry step in the
abortive infections observed in coreceptor-expressing cells.
Fig. 4. Study of ccr5 locus. (A) Analysis of 32ccr5 deletion in individuals infected with HIV-2MIC97 (Lane 1), HIV-2MJC97 (Lane 2), and from a wild-type
(wt) ccr5 individual (Lane 3). Analysis of ccr5 promoter polymorphism C/T 59353 (B) and G/A 59029 (C) in individuals infected with HIV-2MIC97 (Lane
1) and HIV-2MJC97 (Lane 2) and in wt ccr5 individual used in (A).
141J.M. Azevedo-Pereira et al. / Virology 313 (2003) 136–146
Nevertheless it is important to note that this primary isolate,
similarly to HIV-2MIC97 and HIV-2MJC97, was also obtained
from an asymptomatic individual.
Also in HIV-1, a truly remarkable finding reported by
Saha et al. (2001) suggests the emergence, in late stages
patients, of HIV-1 variants that, although requiring the pres-
ence of CXCR4 when infecting CD4-positive cells, they are
able to infect cells through interaction with CD8, in the
absence of either CCR5 or CXCR4.
In the SIV model, several studies suggested a great
complexity in coreceptor usage (Edinger et al., 1998; Farzan
et al., 1997; Samson et al., 1998; Shimizu et al., 2000; Yi et
al., 2001; Zhang et al., 2000). In this model, where CXCR4
usage is rare (Schols and De Clercq, 1998), some strains
have been described that do not use CCR5 to infect primary
lymphocytes (Chen et al., 1998). Noteworthy, these strains
were isolated from animals with a 24-bp deletion in ccr5
gene (24ccr5), similar to 32ccr5 in humans, and are able
to infect cells expressing CCR2, STRL33, V28, and US28
(Zhang et al., 2000).
Taken together, these observations emphasize the out-
standing plasticity of HIV and SIV envelope proteins and
raise two important questions. One reminds us that HIV,
similar to SIV, is highly prone to mutations and has an
enormous capacity to adapt to host-driven pressures. Based
on this, we investigated the possible presence of genetic
determinants in MIC and MJC patients to exclude in vivo
selection of CCR5-independent variants. The other impor-
tant and fundamental issue is that a persistent lentiviral
infection could be established without the strict need of
CCR5 coreceptor use, a need that seems to be a hallmark in
early stages of HIV-1 infection as shown by several evi-
dences (Dean et al., 1996; Liu et al., 1996; Long et al., 2002;
Salvatori and Scarlatti 2001; Samson et al., 1996). Further-
more, CCR5 usage is maintained throughout the entire dis-
ease course and, in 50% of AIDS patients, R5 strains are the
only strains that are recovered (Bjorndal et al., 1997; Con-
nor et al., 1997). Most remarkably, HIV-1 only needs to
change one amino acid in gp120 V3 loop to switch viral
coreceptor usage (Briggs et al., 2000; Hu et al., 2000;
Shimizu et al., 1999; Verrier et al., 1999). For a virus like
HIV-1 with such a high rate of genetic drift and rapid
turnover in vivo, it seems to be quite bizarre that even after
several years of chronic infection, a viral population still
maintains CCR5 as coreceptor. What makes CCR5 usage so
important for HIV-1 at least in early stages of infection?
One possible explanation should be related to CCR5 expres-
sion patterns in different lymphocytes subsets. CCR5 ex-
pression is higher in memory T-CD4 lymphocytes
(CD45RO) and lower in naı¨ve T-CD4 lymphocytes
(CD45RA) (Bleul et al., 1997). CD45RO lymphocytes
are also highly permissive to HIV-1 replication (Roederer et
al., 1997; Spina et al., 1997). Additionally, several in vitro
studies have suggested that activation state of target cell is
an important factor to establish a productive infection by
HIV-1 (Ostrowski et al., 1998; Stevenson et al., 1990).
Notably, HIV-1 entry into CD45RA lymphocytes requires
cellular activation in a time-dependent manner after viral
entry, otherwise an abortive infection is observed (Woods et
al., 1997). So, apparently CCR5 usage makes HIV-1 able to
infect stimulated, full-permissive cells and could be seen as
an evolutionary advantage probably acquired by HIV-1 in
its “humanization” process. Additionally, HIV-1 R5 vari-
ants may be able to more easily escape to neutralization by
HIV-1-specific antibodies.
The most prudent conclusion from results presented here
is that a viral population, that does not use CCR5 or CXCR4
to enter into target cells, is present in some asymptomatic
patients infected with HIV-2. The isolation of these strains
from asymptomatic individuals raises the possibility that, in
vivo, CCR5 usage is acquired during HIV-2 evolution from
an initial population of CCR5- and CXCR4-independent
viruses. If a more exhaustive survey of HIV-2 strains iso-
lated from asymptomatic individuals confirms our present
data, this fact implies that, during a variable period of time,
a less fitted viral population exists that needs to evolve to
exploit CCR5 coreceptor and consequently become more
virulent. Consequently, we suggest that the existence of a
CCR5-independent population in asymptomatic HIV-2 pa-
tients could be related to the characteristically longer
asymptomatic stage observed in HIV-2 infection and ulti-
mately could help explain some of the differences in patho-




PBMCs from patients and donors were stimulated with
phytohemagglutinin (PHA) and cultured as described
(Reeves et al., 1999). PBMC used in all experiments re-
ported here were obtained from the same donors to avoid
interindividual variations in HIV infection susceptibility.
Human osteosarcoma cell line GHOST and GHOST-de-
rived cell lines expressing coreceptors and human glioma
cell line U87 and U87-derived cell lines expressing core-
ceptors were cultured as described (Reeves et al., 1999).
CD8-depleted PBMCs were obtained from PBMCs after
removal of CD8 cells, using magnetic beads coated with
anti-CD8 antibody (Dynal). CD4 PBMCs were obtained
from total PBMCs by positive selection of CD4 cells using
magnetic beads coated with anti-CD4 antibody (Dynal).
Monocyte-derived macrophages (MDM) were isolated and
cultured as described (Gartner et al., 1986).
HIV-2 viruses
HIV-2MIC97 and HIV-2MJC97 as well as all primary
HIV-2 isolates were obtained from PBMC of infected pa-
tients by cocultivation with PHA-stimulated PBMC from
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uninfected individuals. HIV-1JRCSF is a CCR5 using HIV-1
strain (Simmons et al., 1996). Viral stocks were established
from low-passaged supernatants of infected PBMC.
Infectivity assays
GHOST and U87 cell lines expressing chemokine receptors
were seeded into 24-well plates on the day prior to infection, at
1.5 105 cells/well. To assess chemokine usage, each cell line
was inoculated with equal amounts of each virus (100 TCID50
in a final volume of 100 l/well) and incubated for 3 h/37°C in
the presence of 3 g/ml of Polybrene. Cells were then washed
and cultured in appropriate culture medium (500 l/well).
Viral replication was monitored by reverse transcriptase (RT)
activity by an enzyme-linked immunosorbent assay (Lenti-RT
kit, Cavidi) in culture supernatants every 3 days. For viral
replication kinetics, PHA-activated PBMC were incubated
with equal amounts of each virus (10 ng of RT) for 2 h/37°C
in the presence of Polybrene (3 g/ml). Supernatants, sampled
over 21 days, were assayed for RT activity as described above.
Additionally, since GHOST cell lines carry an LTR-GFP re-
porter gene, which is switched on when cells are infected, we
used GFP expression to detect infected cells. GHOST cells
were treated and exposed to viruses as described above and
analyzed for GFP expression. This analysis was performed in
three independent experiments at days 1, 2, 3, and 7 after
infection by fluorescent microscopy using mock-infected cells
to exclude background fluorescence of each GHOST cell line.
The presence of fluorescent cells on any of these days was
considered as a positive result.
Inhibition of replication in PBMC
These assays were done using CD8-depleted PBMCs.
Cells were screened for CCR5-defective alleles and only
cells from wild-type donors were used. After PHA and IL-2
stimulation, cells were incubated with different concentra-
tions of each inhibitor tested [RANTES, monoclonal anti-
body (MAb) 2D7 (Pharmingen), SDF-1 (R&D Systems),
MAb 12G5, and SIM.4] for 1 h/37°C. Viruses were then
added as described in infectivity assays and incubated for
4 h in inhibitor-containing medium. After washing, cells
were cultured in medium containing the desired concentra-
tion of each inhibitor. Virus production (assessed by RT
activity) in the absence of inhibitors was designated as
100%, and the ratios of RT activity in inhibitor-containing
cultures were calculated relative to this.
ccr5 locus analysis
Genomic DNA was isolated from an individual of known
CCR5 genotype (wild-type ccr5/ccr5) and from MIC and
MJC patients by a commercially available kit (Gentra). For
32ccr5 genotyping, approximately 200 ng of each DNA
was amplified by PCR in a 50 l reaction using 2.5 U of
Taq/Pwo DNA polymerases mix (Expand Long Template
PCR System, Roche), 2.25 mM MgCl2, 500 mM of each
dNTP, and 300 nM of each primer (CCR5-F: 5-CCTG-
GCTGTCGTCCATGCTG-3 and CCR5-R: 5-AGCCAT-
GTGCACAACTCT-3). Amplification was performed with
35 cycles of 30 s at 94°C, 45 s at 60°C, and 90 s at 68°C,
preceded by 94°C for 2 min and followed by 68°C for 10
min. Amplification products were resolved by 2% agarose
gel electrophoresis and stained with ethidium bromide. The
presence of G/A 59029 and C/T 59353 CCR5 promoter
polymorphism was investigated using the protocol de-
scribed by Clegg et al. (2000).
Detection of viral antigen in cellular cytosolic fraction
Viral antigen was detected in cytosolic fraction as de-
scribed by Mare´chal et al. (1998). Briefly, GHOST-CD4
cells expressing several coreceptors and PHA-stimulated
CD4 PBMC were washed twice with cold phosphate-
buffered saline (PBS) and maintained in cold (0°C) DMEM
or RPMI 1640 medium containing DEAE-dextran (20 g/
ml) and 20 mM HEPES. After 5 min on ice, cells (4  106
cells in each 35-mm -well) were incubated with equal
amounts of each virus, measured by p27 Ag (for HIV-2
strains) or p24 Ag (for HIV-1JRCSF) concentration. After 60
min at 4°C with frequent agitation, cells were washed three
times with cold PBS (4°C) and either immediately treated
with Pronase or incubated at 37°C for 1 h before Pronase
treatment. For Pronase treatment, cells were resuspended in
1 ml of appropriate medium (4°C) containing 20 mM
HEPES and 5 mg/ml Pronase during 10 min at 4°C. Cells
were washed once with cold culture media (4°C) supple-
mented with 10% (v/v) FCS and three times with cold PBS
(4°C) to eliminate Pronase. After washing, cells were incu-
bated with swelling buffer (10 mM Tris–HCl pH 8, 10 mM
KCl, 1 mM EDTA) for 1 min at 4°C and lysed by Dounce
homogenization. Nuclei and cell debris were pelleted by
centrifugation (3000 rpm for 3 min). Cleared supernatants
were then ultracentrifuged (60,000 rpm for 10 min at 4°C)
in a Beckman TL100 centrifuge. The supernatant, corre-
sponding to cytosolic fraction, was adjusted to 0.5% Triton
X-100. Concentrations of HIV-2 or HIV-1 (for HIV-1JRCSF
strain used) core antigen were measured using a p27 (SIV-
core antigen kit; Coulter) or a p24 (Vironostika HIV-1
Antigen; Organon Teknika) immunoassay according to
manufacturer’s instructions. For each cell line and virus
examined, p27 or p24 background level, obtained from cells
immediately treated with Pronase after absorption at 4°C,
was subtracted from the amount detected in conditions al-
lowing virus internalization.
Acknowledgments
We thank Drs. Littman and KewalRamani for the
GHOST cell lines, Drs. Littman and Deng for U87 cell
lines, Dr. J. Hoxie for MAb 12G5, NIBSC for RANTES, the
143J.M. Azevedo-Pereira et al. / Virology 313 (2003) 136–146
Centralised Facility for AIDS Reagents supported by EU
Programme EVA/MRC (Contract QLK2-CT-1999-00606)
and the UK Medical Research Council NIBSC, Dr. I.S.Y.
Chen for HIV-1JRCSF, NIH AIDS Research and Reference
Program, and Dr. James Hildreth for MAb SIM.4. This
work was supported by a grant (POCTI/ESP/39987/2001)
from Fundac¸a˜o da Cieˆncia e Tecnologia (FCT). Q. Santos-
Costa was supported by a fellowship from FCT.
References
Aarons, E.J., Beddows, S., Willingham, T., Wu, L., Koup, R.A., 2001.
Adaptation to blockade of human immunodeficiency virus type 1 entry
imposed by the anti-CCR5 monoclonal antibody 2D7. Virology 287,
382–390.
Adjorlolo-Johnson, G., De Cock, K.M., Ekpini, E., Vetter, K.M., Sibailly,
T., Brattegaard, K., Yavo, D., Doorly, R., Whitaker, J.P., Kestens, L.,
1994. Prospective comparison of mother-to-child transmission of
HIV-1 and HIV-2 in Abidjan, Ivory Coast. JAMA 272, 462–466.
Alkhatib, G., Combadiere, C., Broder, C.C., Feng, Y., Kennedy, P.E.,
Murphy, P.M., Berger, E.A., 1996. CC CKR5: a RANTES, MIP-
1alpha, MIP-1beta receptor as a fusion cofactor for macrophage-tropic
HIV-1. Science 272, 1955–1958.
Andreasson, P.A., Dias, F., Naucler, A., Andersson, S., Biberfeld, G.,
1993. A prospective study of vertical transmission of HIV-2 in Bissau,
Guinea-Bissau. AIDS 7, 989–993.
Arthos, J., Rubbert, A., Rabin, R.L., Cicala, C., Machado, E., Wildt, K.,
Hanbach, M., Steenbeke, T.D., Swofford, R., Farber, J.M., Fauci, A.S.,
2000. CCR5 signal transduction in macrophages by human immuno-
deficiency virus and simian immunodeficiency virus envelopes. J. Vi-
rol. 74, 6418–6424.
Ashorn, P.A., Berger, E.A., Moss, B., 1990. Human immunodeficiency
virus envelope glycoprotein/CD4-mediated fusion of nonprimate cells
with human cells. J. Virol. 64, 2149–2156.
Baik, S.S., Doms, R.W., Doranz, B.J., 1999. HIV and SIV gp120 binding
does not predict coreceptor function. Virology 259, 267–273.
Balotta, C., Bagnarelli, P., Violin, M., Ridolfo, A.L., Zhou, D., Berlusconi,
A., Corvasce, S., Corbellino, M., Clementi, M., Clerici, M., Moroni,
M., Galli, M., 1997. Homozygous delta 32 deletion of the CCR-5
chemokine receptor gene in an HIV-1-infected patient. AIDS 11, F67–
F71.
Berger, E.A., Doms, R.W., Fenyo, E.M., Korber, B.T., Littman, D.R.,
Moore, J.P., Sattentau, Q.J., Schuitemaker, H., Sodroski, J., Weiss,
R.A., 1998. A new classification for HIV-1. Nature 391, 240.
Berger, E.A., Murphy, P.M., Farber, J.M., 1999. Chemokine receptors as
HIV-1 coreceptors: roles in viral entry, tropism, and disease. Annu.
Rev. Immunol. 17, 657–700.
Biti, R., Ffrench, R., Young, J., Bennetts, B., Stewart, G., Liang, T., 1997.
HIV-1 infection in an individual homozygous for the CCR5 deletion
allele. Nat. Med. 3, 252–253.
Bjorndal, A., Deng, H., Jansson, M., Fiore, J.R., Colognesi, C., Karlsson,
A., Albert, J., Scarlatti, G., Littman, D.R., Fenyo, E.M., 1997. Core-
ceptor usage of primary human immunodeficiency virus type 1 isolates
varies according to biological phenotype. J. Virol. 71, 7478–7487.
Bleul, C.C., Farzan, M., Choe, H., Parolin, C., Clark-Lewis, I., Sodroski, J.,
Springer, T.A., 1996. The lymphocyte chemoattractant SDF-1 is a
ligand for LESTR/fusin and blocks HIV-1 entry. Nature 382, 829–833.
Bleul, C.C., Wu, L., Hoxie, J.A., Springer, T.A., Mackay, C.R., 1997. The
HIV coreceptors CXCR4 and CCR5 are differentially expressed and
regulated on human T lymphocytes. Proc. Natl. Acad. Sci. USA 94,
1925–1930.
Briggs, D.R., Tuttle, D.L., Sleasman, J.W., Goodenow, M.M., 2000. En-
velope V3 amino acid sequence predicts HIV-1 phenotype (co-receptor
usage and tropism for macrophages). AIDS 14, 2937–2939.
Broder, C.C., Jones-Trower, A., 1999. Human Retroviruses and AIDS: a
Compilation and Analysis of Nucleic Acid and Amino Acid Sequences,
in: Kuiken, C.L., Foley, B., Hahn, B., Korber, B., McCutchan, F.,
Marx, P.A., Mellors, J.W., Mullins, J.I., Sodroski, J., Wolinksy, S.
(Eds.), Theoretical Biology and Biophysics Group, Los Alamos Na-
tional Laboratory, Los Alamos, NM, pp. 517–541.
Bron, R., Klasse, P.J., Wilkinson, D., Clapham, P.R., Pelchen-Matthews,
A., Power, C., Wells, T.N., Kim, J., Peiper, S.C., Hoxie, J.A., Marsh,
M., 1997. Promiscuous use of CC and CXC chemokine receptors in
cell-to-cell fusion mediated by a human immunodeficiency virus type 2
envelope protein. J. Virol. 71, 8405–8415.
Chackerian, B., Long, E.M., Luciw, P.A., Overbaugh, J., 1997. Human
immunodeficiency virus type 1 coreceptors participate in postentry
stages in the virus replication cycle and function in simian immuno-
deficiency virus infection. J. Virol. 71, 3932–3939.
Chen, Z., Kwon, D., Jin, Z., Monard, S., Telfer, P., Jones, M.S., Lu, C.Y.,
Aguilar, R.F., Ho, D.D., Marx, P.A., 1998. Natural infection of a
homozygous delta24 CCR5 red-capped mangabey with an R2b-tropic
simian immunodeficiency virus. J. Exp. Med. 188, 2057–2065.
Chesebro, B., Buller, R., Portis, J., Wehrly, K., 1990. Failure of human
immunodeficiency virus entry and infection in CD4-positive human
brain and skin cells. J. Virol. 64, 215–221.
Clapham, P.R., Blanc, D., Weiss, R.A., 1991. Specific cell surface require-
ments for the infection of CD4-positive cells by human immunodefi-
ciency virus types 1 and 2 and by Simian immunodeficiency virus.
Virology 181, 703–715.
Clapham, P.R., McKnight, A., 2002. Cell surface receptors, virus entry and
tropism of primate lentiviruses. J. Gen. Virol. 83, 1809–1829.
Clegg, A.O., Ashton, L.J., Biti, R.A., Badhwar, P., Williamson, P., Kaldor,
J.M., Stewart, G.J., 2000. CCR5 promoter polymorphisms, CCR5
59029A and CCR5 59353C, are under represented in HIV-1-infected
long-term non-progressors. The Australian Long-Term Non-Progressor
Study Group. AIDS 14, 103–108.
Cocchi, F., DeVico, A.L., Garzino-Demo, A., Arya, S.K., Gallo, R.C.,
Lusso, P., 1995. Identification of RANTES, MIP-1 alpha, and MIP-1
beta as the major HIV-suppressive factors produced by CD8 T cells.
Science 270, 1811–1815.
Connor, R.I., Ho, D.D., 1994. Human immunodeficiency virus type 1
variants with increased replicative capacity develop during the asymp-
tomatic stage before disease progression. J. Virol. 68, 4400–4408.
Connor, R.I., Sheridan, K.E., Ceradini, D., Choe, S., Landau, N.R., 1997.
Change in coreceptor use coreceptor use correlates with disease pro-
gression in HIV-1-infected individuals. J. Exp. Med. 185, 621–628.
Dalgleish, A.G., Beverley, P.C., Clapham, P.R., Crawford, D.H., Greaves,
M.F., Weiss, R.A., 1984. The CD4 (T4) antigen is an essential com-
ponent of the receptor for the AIDS retrovirus. Nature 312, 763–767.
De Cock, K.M., Adjorlolo, G., Ekpini, E., Sibailly, T., Kouadio, J., Maran,
M., Brattegaard, K., Vetter, K.M., Doorly, R., Gayle, H.D., 1993.
Epidemiology and transmission of HIV-2. Why there is no HIV-2
pandemic. JAMA 270, 2083–2086.
Dean, M., Carrington, M., Winkler, C., Huttley, G.A., Smith, M.W.,
Allikmets, R., Goedert, J.J., Buchbinder, S.P., Vittinghoff, E., Gomp-
erts, E., Donfield, S., Vlahov, D., Kaslow, R., Saah, A., Rinaldo, C.,
Detels, R., O’Brien, S.J., 1996. Genetic restriction of HIV-1 infection
and progression to AIDS by a deletion allele of the CKR5 structural
gene. Hemophilia Growth and Development Study, Multicenter AIDS
Cohort Study, Multicenter Hemophilia Cohort Study, San Francisco
City Cohort, ALIVE Study. Science 273, 1856–1862.
Deng, H., Liu, R., Ellmeier, W., Choe, S., Unutmaz, D., Burkhart, M., Di
Marzio, P., Marmon, S., Sutton, R.E., Hill, C.M., Davis, C.B., Peiper,
S.C., Schall, T.J., Littman, D.R., Landau, N.R., 1996. Identification of
a major co-receptor for primary isolates of HIV-1. Nature 381, 661–
666.
Donzella, G.A., Schols, D., Lin, S.W., Este, J.A., Nagashima, K.A., Mad-
don, P.J., Allaway, G.P., Sakmar, T.P., Henson, G., De Clercq, E.,
Moore, J.P., 1998. AMD3100, a small molecule inhibitor of HIV-1
entry via the CXCR4 co-receptor. Nat. Med. 4, 72–77.
144 J.M. Azevedo-Pereira et al. / Virology 313 (2003) 136–146
Doranz, B.J., Orsini, M.J., Turner, J.D., Hoffman, T.L., Berson, J.F.,
Hoxie, J.A., Peiper, S.C., Brass, L.F., Doms, R.W., 1999. Identification
of CXCR4 domains that support coreceptor and chemokine receptor
functions. J. Virol. 73, 2752–2761.
Dumonceaux, J., Nisole, S., Chanel, C., Quivet, L., Amara, A., Baleux, F.,
Briand, P., Hazan, U., 1998. Spontaneous mutations in the env gene of
the human immunodeficiency virus type 1 NDK isolate are associated
with a CD4-independent entry phenotype. J. Virol. 72, 512–519.
Edinger, A.L., Hoffman, T.L., Sharron, M., Lee, B., O’Dowd, B., Doms,
R.W., 1998. Use of GPR1, GPR15, and STRL33 as coreceptors by
diverse human immunodeficiency virus type 1 and simian immunode-
ficiency virus envelope proteins. Virology 249, 367–378.
Farzan, M., Choe, H., Martin, K., Marcon, L., Hofmann, W., Karlsson, G.,
Sun, Y., Barrett, P., Marchand, N., Sullivan, N., Gerard, N., Gerard, C.,
Sodroski, J., 1997. Two orphan seven-transmembrane segment recep-
tors which are expressed in CD4-positive cells support simian immu-
nodeficiency virus infection. J. Exp. Med. 186, 405–411.
Feng, Y., Broder, C.C., Kennedy, P.E., Berger, E.A., 1996. HIV-1 entry
cofactor: Functional cDNA cloning of a seven-transmembrane, G pro-
tein-coupled receptor. Science 272, 872–877.
Gartner, S., Markovits, P., Markovitz, D.M., Kaplan, M.H., Gallo, R.C.,
Popovic, M., 1986. The role of mononuclear phagocytes in HTLV-III/
LAV infection. Science 233, 215–219.
Guillon, C., van der Ende, M.E., Boers, P.H., Gruters, R.A., Schutten, M.,
Osterhaus, A.D., 1998. Coreceptor usage of human immunodeficiency
virus type 2 primary isolates and biological clones is broad and does
not correlate with their syncytium-inducing capacities. J. Virol. 72,
6260–6263.
Hu, Q., Trent, J.O., Tomaras, G.D., Wang, Z., Murray, J.L., Conolly, S.M.,
Navenot, J.M., Barry, A.P., Greenberg, M.L., Peiper, S.C., 2000. Iden-
tification of ENV determinants in V3 that influence the molecular
anatomy of CCR5 utilization. J. Mol. Biol. 302, 359–375.
Jaffar, S., Wilkins, A., Ngom, P.T., Sabally, S., Corrah, T., Bangali, J.E.,
Rolfe, M., Whittle, H.C., 1997. Rate of decline of percentage CD4
cells is faster in HIV-1 than in HIV-2 infection. J. Acquir. Immune
Defic. Syndr. Hum. Retrovirol. 16, 327–332.
Kanki, P.J., Travers, K.U., Mboup, S., Hsieh, C.C., Marlink, R.G., Gueye-
Ndiaye, A., Siby, T., Thior, I., Hernandez-Avila, M., Sankale, J.L.,
1994. Slower heterosexual spread of HIV-2 than HIV-1. Lancet 343,
943–946.
Klatzmann, D., Champagne, E., Chamaret, S., Gruest, J., Guetard, D.,
Hercend, T., Gluckman, J.C., Montagnier, L., 1984. T-lymphocyte T4
molecule behaves as the receptor for human retrovirus LAV. Nature
312, 767–768.
Kolchinsky, P., Mirzabekov, T., Farzan, M., Kiprilov, E., Cayabyab, M.,
Mooney, L.J., Choe, H., Sodroski, J., 1999. Adaptation of a CCR5-
using, primary human immunodeficiency virus type 1 isolate for CD4-
independent replication. J. Virol. 73, 8120–8126.
Kostrikis, L.G., Neumann, A.U., Thomson, B., Korber, B.T., McHardy, P.,
Karanicolas, R., Deutsch, L., Huang, Y., Lew, J.F., McIntosh, K.,
Pollack, H., Borkowsky, W., Spiegel, H.M., Palumbo, P., Oleske, J.,
Bardeguez, A., Luzuriaga, K., Sullivan, J., Wolinsky, S.M., Koup,
R.A., Ho, D.D., Moore, J.P., 1999. A polymorphism in the regulatory
region of the CC-chemokine receptor 5 gene influences perinatal trans-
mission of human immunodeficiency virus type 1 to African-American
infants. J. Virol. 73, 10264–10271.
Liu, Q.H., Williams, D.A., McManus, C., Baribaud, F., Doms, R.W.,
Schols, D., De Clercq, E., Kotlikoff, M.I., Collman, R.G., Freedman,
B.D., 2000. HIV-1 gp120 and chemokines activate ion channels in
primary macrophages through CCR5 and CXCR4 stimulation. Proc.
Natl. Acad. Sci. USA 97, 4832–4837.
Liu, R., Paxton, W.A., Choe, S., Ceradini, D., Martin, S.R., Horuk, R.,
MacDonald, M.E., Stuhlmann, H., Koup, R.A., Landau, N.R., 1996.
Homozygous defect in HIV-1 coreceptor accounts for resistance of
some multiply-exposed individuals to HIV-1 infection. Cell 86, 367–
377.
Long, E.M., Rainwater, S.M., Lavreys, L., Mandaliya, K., Overbaugh, J.,
2002. HIV type 1 variants transmitted to women in Kenya require the
CCR5 coreceptor for entry, regardless of the genetic complexity of the
infecting virus. AIDS Res. Hum. Retroviruses 18, 567–576.
Maddon, P.J., Dalgleish, A.G., McDougal, J.S., Clapham, P.R., Weiss,
R.A., Axel, R., 1986. The T4 gene encodes the AIDS virus receptor and
is expressed in the immune system and the brain. Cell 47, 333–348.
Mare´chal, V., Clavel, F., Heard, J.M., Schwartz, O., 1998. Cytosolic Gag
p24 as an index of productive entry of human immunodeficiency virus
type 1. J. Virol. 72, 2208–2212.
Marlink, R., Kanki, P., Thior, I., Travers, K., Eisen, G., Siby, T., Traore,
I., Hsieh, C.C., Dia, M.C., Gueye, E.H., 1994. Reduced rate of disease
development after HIV-2 infection as compared to HIV-1. Science 265,
1587–1590.
Martinson, J.J., Chapman, N.H., Rees, D.C., Liu, Y.T., Clegg, J.B., 1997.
Global distribution of the CCR5 gene 32-basepair deletion. Nat. Genet.
16, 100–103.
McDermott, D.H., Zimmerman, P.A., Guignard, F., Kleeberger, C.A.,
Leitman, S.F., Murphy, P.M., 1998. CCR5 promoter polymorphism
and HIV-1 disease progression. Multicenter AIDS Cohort Study
(MACS). Lancet 352, 866–870.
McKnight, A., Dittmar, M.T., Moniz-Periera, J., Ariyoshi, K., Reeves,
J.D., Hibbitts, S., Whitby, D., Aarons, E., Proudfoot, A.E., Whittle, H.,
Clapham, P.R., 1998. A broad range of chemokine receptors are used
by primary isolates of human immunodeficiency virus type 2 as core-
ceptors with CD4. J. Virol. 72, 4065–4071.
McKnight, A., Griffiths, D.J., Dittmar, M., Clapham, P., Thomas, E., 2001.
Characterization of a late entry event in the replication cycle of human
immunodeficiency virus type 2. J. Virol. 75, 6914–6922.
McKnight, A., Wilkinson, D., Simmons, G., Talbot, S., Picard, L., Ahuja,
M., Marsh, M., Hoxie, J.A., Clapham, P.R., 1997. Inhibition of human
immunodeficiency virus fusion by a monoclonal antibody to a core-
ceptor (CXCR4) is both cell type and virus strain dependent. J. Virol.
71, 1692–1696.
Michael, N.L., Louie, L.G., Sheppard, H.W., 1997. CCR5-delta 32 gene
deletion in HIV-1 infected patients. Lancet 350, 741–742.
Michael, N.L., Nelson, J.A., KewalRamani, V.N., Chang, G., O’Brien, S.J.,
Mascola, J.R., Volsky, B., Louder, M., White, G.C., Littman, D.R.,
Swanstrom, R., O’Brien, T.R., 1998. Exclusive and persistent use of
the entry coreceptor CXCR4 by human immunodeficiency virus type 1
from a subject homozygous for CCR5 delta32. J. Virol. 72, 6040–
6047.
Morner, A., Bjorndal, A., Albert, J., KewalRamani, V.N., Littman, D.R.,
Inoue, R., Thorstensson, R., Fenyo, E.M., Bjorling, E., 1999. Primary
human immunodeficiency virus type 2 (HIV-2) isolates, like HIV-1
isolates, frequently use CCR5 but show promiscuity in coreceptor
usage. J. Virol. 73, 2343–2349.
Mummidi, S., Ahuja, S.S., Gonzalez, E., Anderson, S.A., Santiago, E.N.,
Stephan, K.T., Craig, F.E., O’Connell, P., Tryon, V., Clark, R.A.,
Dolan, M.J., Ahuja, S.K., 1998. Genealogy of the CCR5 locus and
chemokine system gene variants associated with altered rates of HIV-1
disease progression. Nat. Med. 4, 786–793.
O’Brien, T.R., Winkler, C., Dean, M., Nelson, J.A., Carrington, M., Mi-
chael, N.L., White, G.C., 1997. HIV-1 infection in a man homozygous
for CCR5 delta 32. Lancet 349, 1219.
Oberlin, E., Amara, A., Bachelerie, F., Bessia, C., Virelizier, J.L.,
Arenzana-Seisdedos, F., Schwartz, O., Heard, J.M., Clark-Lewis, I.,
Legler, D.F., Loetscher, M., Baggiolini, M., Moser, B., 1996. The CXC
chemokine SDF-1 is the ligand for LESTR/fusin and prevents infection
by T-cell-line-adapted HIV-1. Nature 382, 833–835.
Olson, W.C., Rabut, G., Nagashima, K.A., Tran, D.N., Anselma, D.J.,
Monard, S.P., Segal, J.P., Thompson, D.A., Kajumo, F., Guo, Y.,
Moore, J.P., Maddon, P.J., Dragic, T., 1999. Differential inhibition of
human immunodeficiency virus type 1 fusion, gp120 binding, and
CC-chemokine activity by monoclonal antibodies to CCR5. J. Virol.
73, 4145–4155.
145J.M. Azevedo-Pereira et al. / Virology 313 (2003) 136–146
Ostrowski, M.A., Krakauer, D.C., Li, Y., Justement, S.J., Learn, G., Ehler,
L.A., Stanley, S.K., Nowak, M., Fauci, A.S., 1998. Effect of immune
activation on the dynamics of human immunodeficiency virus replica-
tion and on the distribution of viral quasispecies. J. Virol. 72, 7772–
7784.
Owen, S.M., Ellenberger, D., Rayfield, M., Wiktor, S., Michel, P., Grieco,
M.H., Gao, F., Hahn, B.H., Lal, R.B., 1998. Genetically divergent
strains of human immunodeficiency virus type 2 use multiple corecep-
tors for viral entry. J. Virol. 72, 5425–5432.
Poulsen, A.G., Aaby, P., Larsen, O., Jensen, H., Naucler, A., Lisse, I.M.,
Christiansen, C.B., Dias, F., Melbye, M., 1997. 9-year HIV-2-associ-
ated mortality in an urban community in Bissau, west Africa. Lancet
349, 911–914.
Reeves, J.D., Doms, R.W., 2002. Human immunodeficiency virus type 2.
J. Gen. Virol. 83, 1253–1265.
Reeves, J.D., Schulz, T.F., 1997. The CD4-independent tropism of human
immunodeficiency virus type 2 involves several regions of the envelope
protein and correlates with a reduced activation threshold for envelope-
mediated fusion. J. Virol. 71, 1453–1465.
Reeves, J.D., Hibbitts, S., Simmons, G., McKnight, A., Azevedo-Pereira,
J.M., Moniz-Pereira, J., Clapham, P.R., 1999. Primary human immu-
nodeficiency virus type 2 (HIV-2) isolates infect CD4-negative cells
via CCR5 and CXCR4: comparison with HIV-1 and simian immuno-
deficiency virus and relevance to cell tropism in vivo. J. Virol. 73,
7795–7804.
Richman, D.D., Bozzette, S.A., 1994. The impact of the syncytium-induc-
ing phenotype of human immunodeficiency virus on disease progres-
sion. J. Infect. Dis. 169, 968–974.
Roederer, M., Raju, P.A., Mitra, D.K., Herzenberg, L.A., 1997. HIV does
not replicate in naive CD4 T cells stimulated with CD3/CD28. J. Clin.
Invest. 99, 1555–1564.
Saha, K., Zhang, J., Gupta, A., Dave, R., Yimen, M., Zerhouni, B., 2001.
Isolation of primary HIV-1 that target CD8 T lymphocytes using
CD8 as a receptor. Nat. Med. 7, 65–72.
Salvatori, F., Scarlatti, G., 2001. HIV type 1 chemokine receptor usage in
mother-to-child transmission. AIDS Res. Hum. Retroviruses 17, 925–
935.
Samson, M., Edinger, A.L., Stordeur, P., Rucker, J., Verhasselt, V., Shar-
ron, M., Govaerts, C., Mollereau, C., Vassart, G., Doms, R.W., Par-
mentier, M., 1998. ChemR23, a putative chemoattractant receptor, is
expressed in monocyte-derived dendritic cells and macrophages and is
a coreceptor for SIV and some primary HIV-1 strains. Eur. J. Immunol.
28, 1689–1700.
Samson, M., Libert, F., Doranz, B.J., Rucker, J., Liesnard, C., Farber,
C.M., Saragosti, S., Lapoumeroulie, C., Cognaux, J., Forceille, C.,
Muyldermans, G., Verhofstede, C., Burtonboy, G., Georges, M., Imai,
T., Rana, S., Yi, Y., Smyth, R.J., Collman, R.G., Doms, R.W., Vassart,
G., Parmentier, M., 1996. Resistance to HIV-1 infection in caucasian
individuals bearing mutant alleles of the CCR-5 chemokine receptor
gene. Nature 382, 722–725.
Scarlatti, G., Tresoldi, E., Bjorndal, A., Fredriksson, R., Colognesi, C.,
Deng, H.K., Malnati, M.S., Plebani, A., Siccardi, A.G., Littman, D.R.,
Fenyo, E., Lusso, P., 1997. In vivo evolution of HIV-1 co-receptor
usage and sensitivity to chemokine-mediated suppression. Nat. Med. 3,
1259–1265.
Schols, D., De Clercq, E., 1998. The simian immunodeficiency virus
mnd(GB-1) strain uses CXCR4, not CCR5, as coreceptor for entry in
human cells. J. Gen. Virol. 79, 2203–2205.
Shimizu, N., Haraguchi, Y., Takeuchi, Y., Soda, Y., Kanbe, K., Hoshino,
H., 1999. Changes in and discrepancies between cell tropisms and
coreceptor uses of human immunodeficiency virus type 1 induced by
single point mutations at the V3 tip of the env protein. Virology 259,
324–333.
Shimizu, N., Soda, Y., Kanbe, K., Liu, H.Y., Mukai, R., Kitamura, T.,
Hoshino, H., 2000. A putative G protein-coupled receptor, RDC1, is a
novel coreceptor for human and simian immunodeficiency viruses.
J. Virol. 74, 619–626.
Simmons, G., Reeves, J.D., Hibbitts, S., Stine, J.T., Gray, P.W., Proudfoot,
A.E., Clapham, P.R., 2000. Co-receptor use by HIV and inhibition of
HIV infection by chemokine receptor ligands. Immunol. Rev. 177,
112–126.
Simmons, G., Wilkinson, D., Reeves, J.D., Dittmar, M.T., Beddows, S.,
Weber, J., Carnegie, G., Desselberger, U., Gray, P.W., Weiss, R.A.,
Clapham, P.R., 1996. Primary, syncytium-inducing human immunode-
ficiency virus type 1 isolates are dual-tropic and most can use either
Lestr or CCR5 as coreceptors for virus entry. J. Virol. 70, 8355–8360.
Sol, N., Ferchal, F., Braun, J., Pleskoff, O., Treboute, C., Ansart, I., Alizon,
M., 1997. Usage of the coreceptors CCR-5, CCR-3, and CXCR-4 by
primary and cell line-adapted human immunodeficiency virus type 2.
J. Virol. 71, 8237–8244.
Spina, C.A., Prince, H.E., Richman, D.D., 1997. Preferential replication of
HIV-1 in the CD45RO memory cell subset of primary CD4 lympho-
cytes in vitro. J. Clin. Invest. 99, 1774–1785.
Stevenson, M., Stanwick, T.L., Dempsey, M.P., Lamonica, C.A., 1990.
HIV-1 replication is controlled at the level of T cell activation and
proviral integration. EMBO J. 9, 1551–1560.
Verrier, F., Borman, A.M., Brand, D., Girard, M., 1999. Role of the HIV
type 1 glycoprotein 120 V3 loop in determining coreceptor usage.
AIDS Res. Hum. Retroviruses 15, 731–743.
Weissman, D., Rabin, R.L., Arthos, J., Rubbert, A., Dybul, M., Swofford,
R., Venkatesan, S., Farber, J.M., Fauci, A.S., 1997. Macrophage-tropic
HIV and SIV envelope proteins induce a signal through the CCR5
chemokine receptor. Nature 389, 981–985.
Whittle, H., Morris, J., Todd, J., Corrah, T., Sabally, S., Bangali, J., Ngom,
P.T., Rolfe, M., Wilkins, A., 1994. HIV-2-infected patients survive
longer than HIV-1-infected patients. AIDS 8, 1617–1620.
Woods, T.C., Roberts, B.D., Butera, S.T., Folks, T.M., 1997. Loss of
inducible virus in CD45RA naive cells after human immunodeficiency
virus-1 entry accounts for preferential viral replication in CD45RO
memory cells. Blood 89, 1635–1641.
Wu, L., LaRosa, G., Kassam, N., Gordon, C.J., Heath, H., Ruffing, N.,
Chen, H., Humblias, J., Samson, M., Parmentier, M., Moore, J.P.,
Mackay, C.R., 1997. Interaction of chemokine receptor CCR5 with its
ligands: multiple domains for HIV-1 gp120 binding and a single do-
main for chemokine binding. J. Exp. Med. 186, 1373–1381.
Yi, Y., Singh, A., Isaacs, S.N., Collman, R.G., 2001. A CCR5/CXCR4-
independent coreceptor pathway on human macrophages supports ef-
ficient SIV env-mediated fusion but not infection: implications for
alternative pathways of viral entry. Virology 284, 142–151.
Zhang, L., He, T., Huang, Y., Chen, Z., Guo, Y., Wu, S., Kunstman, K.J.,
Brown, R.C., Phair, J.P., Neumann, A.U., Ho, D.D., Wolinsky, S.M.,
1998. Chemokine coreceptor usage by diverse primary isolates of
human immunodeficiency virus type 1. J. Virol. 72, 9307–9312.
Zhang, Y., Lou, B., Lal, R.B., Gettie, A., Marx, P.A., Moore, J.P., 2000.
Use of inhibitors to evaluate coreceptor usage by simian and simian/
human immunodeficiency viruses and human immunodeficiency virus
type 2 in primary cells. J. Virol. 74, 6893–6910.
146 J.M. Azevedo-Pereira et al. / Virology 313 (2003) 136–146
